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ABSTRACT

Nb-based alloys are of particular interest to replace the current Ni-based
superalloys for high-temperature structural applications. One important limitation to
improve the efficiency of gas-turbine engines is the temperature limit of current
materials being used. By allowing the temperature to increase, the efficiency will
increase. Nb-based alloys have high melting points and adequate mechanical
properties but the oxidation resistance is still inadequate.
This research focuses on the oxidation behavior of three Nb-based alloys to
study the effect of Cr and Si variation and look at the effect of Boron. Boron can form a
glassy borosilicate which is viscous at high temperatures and serves as an oxygen
barrier and this improves the oxidation resistance.
Compositions of the alloys were Nb-20Cr-20Si-5Al, Nb-25Cr-15Si-5Al and Nb25Cr-15Si-5Al-5B. The alloys were oxidized from 700oC to 1400oC in air for 24 hours.
Thermogravimetric data was collected and plotted against temperature. The Nb-20Cr20Si-5Al had better oxidation resistance at lower temperatures while the Nb-25Cr-15Si5Al-5B perform slightly better at higher temperatures when compared to the other two
alloys. Better oxide layer adhesion was observed when boron is added. Specimens and
oxide products were characterized by SEM, EDS, BSE and XRD.
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INTRODUCTION
It is well-known that increasing the combustion temperature of gas-turbine
engines increases the efficiency of such systems and this can led to significant savings
in energy and, at the same time, reduction of CO2 emissions in the turbine engines.[1-5]
Increasing the temperature by small percentage is a big challenge and this challenge
lies with metallurgical and materials engineers. Service temperatures have increased by
~125oC in the past decade.[6-7] This increase in temperature is an ambitious challenge
for metallurgical and materials engineers since the start of the development of a new
generation refractory metals for this type of structural applications have been brought to
the attention of many other industries. The current turbine jet-engine temperature has
reached its limits and further increase in service temperatures may result in putting the
system where a liquid phase may exist. The new generation of refractory metals needs
to have satisfactory oxidation and mechanical properties at low and high temperatures.
Niobium metal is known to have excellent mechanical properties at high
temperatures but very poor oxidation resistance. By alloying, the oxidation resistance
can increase at the expense of mechanical properties such as the toughness at room
temperature.[8] Over the past decade significant research has been conducted in Nbbased alloys but up to this time there is no current alloy that satisfies the properties
required to be used as a refractory metals for such structural applications.[9-12]
The three systems discussed in this research are;
•

Nb-20Cr-20Si-5Al

(20-20)
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•

Nb-25Cr-15Si-5Al

(25-15)

•

Nb-25Cr-15Si-5Al-5B

(5B)

These systems were chosen to study of the effect of chromium and silicon additions
and also study the effect of aluminum and boron modifiers in this particular system. This
study will only focus on the oxidation behavior of these alloys.
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BACKGROUND
2.1 Principles of Oxidation
Oxidation is a type of corrosion where the principal reactant is oxygen. In this
case the oxidation will be considered for gas-solid reactions. The basic mechanism by
which oxidation occurs is first by the oxygen getting absorbed on the metal surface.
Then an oxide nucleates at preferred sites and starts to grow. The oxide grows due to
electrons moving outward through the oxide to reach oxygen and metal ions diffuse
through the oxide layer to approach for oxygen atoms.[13] All metals oxidize and react
with oxygen eventually and it is just a matter of how fast or slow is the rate of oxidation
in a given system. The goal for this project is to form a protective oxide layer which
should act as a barrier to prevent further attack by the atmosphere. The oxide layer
must be chemically stable in air, prevent diffusion from the substrate to the gas/oxide
interface and oxygen to the oxide/metal interface and so a non-porous layer is
desirable.[14] Finally, the oxide layer must have good mechanical properties to prevent
cracking and spallation in order to sustain cyclic oxidation.
In this type of gas-metal corrosion, the mechanisms are studied with the help of
diffusion. The rate of oxidation is referred to as oxidation kinetics. In some metals the
rate is so slow that the metal is unattacked. Obviously the temperature will also affect
the rate of oxidation. There are several models to interpret the oxidation kinetics but
there are three important recognized and accepted mechanisms that have been by the
research community. The first one is the linear oxidation rate. In this model the oxidation
rate remains constant with time due to the formation of an unprotective oxide, spallation,
3	
  
	
  

crack or porosity on the oxide layer or even the vaporization of the oxide (depending on
the rate of vaporization and oxidation but this phenomena will be discussed below).
The linear oxidation rate is described as:
!"
= !!
!"
where x is the mass or thickness of the oxide formed, t is time exposed to oxidation and
kL is the linear rate constant. Any metal or alloy that follows linear oxidation behavior will
eventually oxidize completely. The time at which this will occur just depends on the
metal/alloy and temperature.
The other type of behavior is the logarithmic reaction rates. This type of oxidation has
been observed at low temperatures when only a thin film has formed. Here transport
processes are the rate controlling with driving force being electric fields across the film.
A well accepted mechanism, called the Cabrera-Mott theory, states that electrons from
the metal easily move to the oxide/gas interface by tunneling to reach for oxygen atoms
and form oxygen ions. By having the negative charge in the oxide/gas interface and a
positive charge in the oxide/metal interface, an electric potential is formed.
The logarithmic equation is:
! = !!   log  (!" + 1)
where ke and a are constants, x is the oxide thickness and t is time.
The logarithmic behavior is only valid when thin films form or at the initial stages of
oxidation when the oxide layer is small. Another mechanism of oxidation was developed
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for when the thin film keeps growing. Parabolic oxidation kinetics describes this
behavior in which there is a oxide layer with a chemical potential gradient across the
oxide (same as logarithmic kinetics). In this case as the oxide layer increases, the rate
of oxidation decreases with time.
The equation that describes this behavior is:
∆! !′!
=
!" ∆!
by integration the equation the parabolic equation is obtained:

!! =

!′!
!
2

where x is the oxide thickness, k’p is the parabolic rate constant (length2time-1) and t is
time.
Another equation that is derived using the mass increase per unit area as a measure of
advancement of oxidation, which was indicated by Pilling and Bedworth[15]:
∆!
!

!

= !′′!

where ∆m is the change in mass, A is the surface area, t time and k’’ has the dimension
of mass2length-4time-1.
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2.2 Oxidation of Niobium
Extensive research has been done on the oxidation of niobium since 1941.[16-21]
G. Brauer published a review for the oxidation of niobium in a German journal called
Journal of Inorganic and General Chemistry. In this paper Brauer performed oxidation
from 400-1250oC where he noticed three polymorphs the Nb2O5.[16] The first structure of
niobium pentoxide was seen at ~600oC which he called T-Nb2O5 and was present up to
around 900oC. Then the intermediate structure (M-Nb2O5) was present from 10001150oC and then high-temperature from (H-Nb2O5) replace the intermediate structure
after 1150oC. Brauer did not perform gravimetric tests on niobium. The structures later
were determined to be an orthorhombic, base-center monoclinic and monoclinic in order
of increasing temperature.[17,

22-23]

Niobium is well-known for its poor oxidation

resistance as it has a high solubility for oxygen. The structure of Nb2O5 also has a large
volume expansion coefficient, it has a volume ratio of Nb2O5/Nb = 2.74 for the high
temperature monoclinic structure.[13] The high volume ratio is a problem because it
creates internal stresses which cause cracking in the oxide layer and/or spallation.

2.3 Oxidation of Intermetallics
2.3.1 Nb5Si3
The Nb5Si3 silicide has been studied extensively and it is a common intermetallic
present in the Nb-Cr-Si system.[24-26] This intermetallic has good mechanical properties
at high temperatures; high strength and creep resistance.[5,
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27]

These excellent

mechanical properties at high temperature along with the high melting temperature of
this intermetallic (Tm=2520oC)

makes it a good candidate for the use at ultra-high

temperatures. One of the biggest problems with this intermetallic is that it has low
fracture toughness at room temperatures (3MPa m1/2) and the oxidation resistance is
not satisfactory. After 24 hours of oxidation in dry air at 1300oC, the Nb5Si3 silicide has a
weight gain of ~0.1 g/cm2.[28] Also pesting has been reported in this silicide in the
temperature range of 700-1000oC and complete disintegration has been reported when
exposed at 1000oC for 1-3 hours.[29] The main oxidation product is Nb2O5 and some
traces of SiO2 and so it is not surprising then, that this silicide does not have good
oxidation behavior since it neither froms a protective oxide layer nor a glassy SiO2
structure.

2.3.2 NbCr2
Although not exactly an intermetallic, as it can take significant amounts of other
elements, the Laves phase is recognized as an intermetallic. The NbCr2 phase is also a
common intermetallic that might be present in the Nb-Cr-Si system depending on the
composition of the alloy.[24-26] The melting temperature of this intermetallic is 17301770oC and it has a relative low density of 7.7 g/cm3.[30] Promising properties have been
found for the NbCr2 phase for high temperature structural applications.[31-32] The
oxidation properties of this intermetallic are significantly better than the Nb5Si3 having a
weight gain of ~0.03 g/cm2 after oxidation in air for 24 hours in air at 1200oC.[33] It is
desired to have this phase in the system because of its oxidation resistance. This
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response to oxidation is due to the formation of an outside layer of Cr2O3 and an inner
layer of CrNbO4. There is, although, cracking in the oxide layer and the Cr2O3 layer is
porous which might be related to the volatilization of this oxide at certain temperature
range which will be discussed in the following sections. Also one of the problems with
this intermetallic is that it has a poor toughness at room temperature (1.5MPa m1/2).[34]

2.4 Volatilization of Oxides
There are some oxides that evaporate when oxidized in air. MoO3 and Cr2O3 are
examples of such oxides. Research conducted on the oxidation properties of chromium
has determined that the chromium oxide vaporizes from 1000-1100oC in air (lower in
the presence of high flow rates and/or water vapor).[35] Also depending of the water
vapor in the air the chromium oxide can start to evaporate at lower temperatures and
the reaction with water vapor yields chromic acid.[36] This vaporization is noticed by the
weight loss of the metal. The vaporization of oxides is not desired because it can create
voids or cracks in the oxide layer which will decrease the oxidation resistance. Cracking
is caused by the internal pressure build up of the chromic acid, Fig. 2.1. Figure 2.1(a)
shows the surface of oxidized chromium where it can be seen Cr2O3 particles and also
some channels appear in the surface, while in figure 2.1(b) cracking in the channel is
evident. It is evident that there is cracking along the channels where it is possible that
the formation of these channels were made by the internal pressure build up by the
formation of chromic acid. Tedmon[37] derived some rate equation to try to describe the
oxidation kinetics when volatilization of oxides occur.
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Fig.	
  2.1.	
  SE	
  images	
  of	
  pure	
  oxidized	
  chromium	
  at	
  1300oC.	
  (a)	
  Low	
  magnified	
  image	
  of	
  surface	
  
morphology	
  of	
  Cr2O3	
  oxide	
  layer	
  showing	
  some	
  channels.	
  (b)	
  Cracking	
  on	
  the	
  channel	
  due	
  to	
  
internal	
  pressure	
  build-‐up.	
  
	
  

2.5 Alloying Elements
Modifiers are added to a given alloy in order to increase the oxidation in
extremely high reactivity and oxidizing environment or mechanical properties.[38] This
research will only focus on how these elements affect the oxidation resistance. Usually
these elements are intended to form a protective oxide to the metal or prevent pesting
and/or spallation. Pesting will be described in a latter section. Sometimes the modifiers
are intended to allow for diffusivity of interstitials in the base metal and be controlled by
these elements. Zelenitsas[39] reported the effect of Al, Cr and Ta additions to the Nb-TiSi system. Aluminum had the most beneficial effect on the oxidation resistance.
Chromium was not as beneficial to this system but was found that the lower the content,
better the performance. Tantalum was not beneficial in this Nb-base alloy. Also a
beneficial effect of Al was noticed by Zheng[33] where the oxidation resistance of NbCr2
phase increased and also a continuous Al2O3 layer was detected when 12 a/o Al was
added to the intermetallic. The C14-NbCr2 phase can take up to ~45 a/o Al[40] at 1000oC.
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Murakami et al.[41] also studied the effect of Cr in the Nb-Cr-Si system and Al in the NbSi system. They concluded that Cr in that particular system has a beneficial effect when
adding more than 10 a/o at 800oC but had poor oxidation resistance at 1300oC because
of the volatilization of the chromium oxide. The effect of Al in the Nb-Si system was the
most beneficial resulting in a system composed of Nb3Si5Al2 matrix and Nb5Si3 and
NbSi2 silicides with some aluminum content on these silicides. The alloy had an
excellent performance from 1100oC-1300oC but not from 800oC-1000oC. At high
temperatures an Al2O3 layer was detected and for lower temperatures they coated the
specimens with Al2O3 and obtained significant better results. Even though the
composition was Nb-47Si-20Al, there was only partial melting at 1600oC and 1700oC.
Also it has been shown that the oxidation behavior of the Nb5Si3 silicide improves by the
addition of Al[28] and this intermetallic can dissolve up to ~8 a/o Al at 1000oC.[42] From the
benefits of Al addition more research has been conducted on Al-containing alloys.[7,43]
Boron is added in silicides to from a viscous compound of borosilicate which helps
increase the oxidation resistance of a given alloy. Borosilicate will be discussed in
another section.

2.6 Internal Oxidation
Internal oxidation is referred to oxide that form in the alloy which is also referred
to as sub scale formation. This phenomena occurs when the outward diffusion of the
active element is slower than the inward diffusion of oxygen in to the metal. An active
element is an element that has a high affinity for oxygen and so these first oxide
10	
  
	
  

precipitates that form will be the most stable oxides.[14,44] The oxide precipitate’s size will
be determined by the nucleation and growth processes. The longer the time a nucleated
particle has to spend between the arrival of oxygen and the oxide forming element, the
larger it will grow. Therefore, high nucleation rates will create small precipitates while
high growth rates will result in bigger precipitates. Wagner[13] proposed an equation that
predicts the sub scale thickness:

!=

2!!! !! !
!!!!

where x is the sub scale thickness, NoS is the mole fraction of oxygen in the alloy at the
surface, NBi is the mole fraction of the reactive metal in the alloy, Do is the diffusion
coefficient of oxygen in the alloy, v is the ration of oxygen atoms to metal atoms in the
oxide compound that forms and t is time.

2.7 Pesting
Pesting is called when a specimen is oxidized and results in complete
disintegration into powder. Fitzer, in 1955, was one of the first to observe this
phenomenon and called it pest but there were only speculations on the mechanism of
this phenomenon.[45] Pesting has been observed in almost all refractory metal silicides.
Pesting occurs in the MoSi2 silicide at lower temperatures and several researchers have
determined that pesting occurs mainly due to pre-existing cracks and pores.[46,47] It was
shown that there was fragmentation in the MoSi2 silicide containing cracks but not in
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dense MoSi2 and single crystal MoSi2.[48] Zhang[49] also performed oxidation test on an
arc-melted polycrystalline and single-crystal NbSi2 silicide. Micrographs were taken at
the exposed temperature reveal that pores and pre-existing cracks are responsible for
fragmentation and therefore pesting.

2.8 Borosilicate in silicides
Meyer, in several studies,[50-52] has shown that the addition of boron to the Mo5Si3
silicide increases the oxidation resistance and prevents pesting at low temperatures. It
was deduced that the mechanism by which boron helps increase the oxidation
resistance is by forming a low-viscosity borosilicate scale which can flow to form a
coherent protective scale to prevent the oxygen flux to the alloy and fill the pores left by
the volatilization of the MoO3 oxide. With the beneficial effects of boron to the
molybdenum silicide, other silicides were studied. Murakami[53] studied the effect of
boron on the Nb-Si-B system. He noticed that the oxidation behavior of Nb5Si3B2 was
better than Nb5Si3 but no borosilicate was found. It then was determined by Lui et al.
that because Nb2O5 remains as a condensed phase and does not volatilize, it rapidly
grows to overwhelm the ability of the borosilicate glass to form a continuous and
protective glass layer.[54]
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EXPERIMENTAL DETAILS
3.1 Alloy Preparation
The alloys chosen for this research project were fabricated by the AMES Laboratory at
the Iowa State University. The samples were prepared by using arc-melting technique in
argon gas atmosphere on a copper hearth with a tungsten electrode. The chamber is
evacuated and a zirconium button is inserted and melted to getter residual oxygen.
Each alloy is melted three times to ensure homogeneity in the alloy. The buttons are
then Electron-Discharge Machined (EDM) to acquire samples with dimensions of 5x5x5
mm. The compositions of the alloys are listed in table 3.1 in atomic percent (a/o).
Table	
  3.1.	
  Alloy	
  compositions	
  in	
  atomic	
  percent.	
  

3.2 Specimen Preparation
When the alloys are received, there is an opaque grey scale on the surface of the
specimens which needs to be removed. Also the specimens contain pre-existing
microcracks and pores. The samples are then polished using SiC paper up to 600 grit.
The specimens then were measured with a micrometer to obtain the surface area of the
sample cubes. Following the measurements ultrasonic cleaning in a methanol bath
solution was performed to remove any contamination including SiC particles if any.
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Quartz crucibles from LECO Corp (528-018 HP) were baked at 250oC for 3 hours to
remove any moisture and then furnace cooled.

3.3 Oxidation Tests
The oxidation tests were conducted from 700oC-1400oC. Samples were statically
oxidized in stagnant air for 24 hours. The specimens were ultrasonically cleaned and
crucibles were furnace-cooled to room temperature. They were weighed individually and
together. The balance used was a Sartorius MC 210S (accuracy of 0.01 mg). The
crucibles with the samples were put in the furnaces. Two types of furnaces were used.
For temperatures of 700oC-1000oC, either a Thermo Scientific Lindberg/Blue M box
furnace or a SentroTech (ST-1500-678-YU) box furnace. For temperature of 1000oC1400oC SentroTech (ST-1600-888-N) furnaces were used. A heating ramp of 10oC/min
was used for all experiments and samples were furnace cooled to room temperature.

3.4 SEM
A Scanning-Electron Microscope (SEM) was utilized to characterize the
specimens or oxidation products. The Hitachi S-4800 has a Robinson backscatterelectron detector (BSE) and an EDAX detector for energy-dispersive spectroscopy
(EDS). The BSE detector detects these kinds of electrons to create atomic number
contrast which improves the contrast in multiphase systems. The EDS detector is used
to measure the energy of the x-ray emissions produced as a result of a photoelectric
14	
  
	
  

interaction where an electron is removed from an atomic orbital creating an x-ray with a
specific energy. The EDS detector measures and counts these x-rays and quantifies
them and it is possible to determine the composition of a given alloy, phase, particle,
etc. One of the limitations in this research was the boron (Z=5) detection. Most EDS
detectors are limited to atomic numbers (Z) above sodium (Z=11). There are thinwindow EDS detectors that can detect down to carbon (Z=6) although their sensitivity
below oxygen (Z=8) is poor.[55]
For SEM analysis one of two methods for looking at the samples were taken. The
samples were carefully handled to avoid damage or contamination and mounted using
an epoxy resin (Kold Mount) and polished using SiC paper up to 1200 grit. The other
route was taken if the morphology of an oxide was of interest where the whole
specimen or a fragment was placed on the sample holder secured by either carbon or
copper tape. In both cases, to prevent electron charging, the specimens were coated
with gold using a Gatan Precision Etching Coating System (Model 682) before place in
the SEM. The SEM was run at an acceleration voltage of 20kV, a probe current of 20µA
and the working distance of 15mm ±2mm.

3.5 XRD
Phase and crystal structure identification were confirmed using x-ray diffraction
(XRD). This technique was done using a Bruker D8 Discover diffractometer. Metal and
oxide samples were analyzed. For metal samples, the specimens were just polished
and for oxide samples they were crushed into powder. The conditions used in this
15	
  
	
  

equipment were a generator voltage of 40kV and a current of 40mA. The scattered slit
was 0.2mm and the receiving slit (divergence slit) was 6mm and a step size of 0.02mm.
The x-rays utilized were CuKα radiation (λ=1.54056Å).

3.6 Phase Diagram Simulation
A software package[56-57] for phase diagram construction and analysis was
utilized in this research. The software has the capability to construct from multicomponent phase diagrams. This software offers quantitative data like, for example,
giving the composition of the phases predicted or the volume fraction of the phases. For
this research ternary diagrams were constructed for the alloys even though they were
composed of more than three components. This can be accomplished due to the
software capabilities in which the composition of an element can be held constant and
just vary the composition of three components. In this case aluminum was held
constant. As shown in Table 3.1, all alloys have an addition of 5 a/o Al. Isothermal
sections of the phase diagrams were constructed from 700oC-1400oC for all alloys to
explain phase transformations and then compare it to the experimental results.
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RESULTS AND DISCUSSION
4.1 As-cast
4.1.1 SEM
Fig. 4.1a shows the backscatter electron image of the Nb-20Cr-20Si-5Al alloy in
the as-cast condition. The alloy contains NbCr2, Nb5Si3 and Nbss. The darkest phase
corresponds to NbCr2, the large elongated lighter gray phase corresponds to Nb5Si3 and
the white phase is the Nbss. The microstructure also contains a eutectic-like
microstructure where Nbss is present along with NbCr2 and Nb5Si3, Fig 4.1b. Fig. 4.1c
represents the as-cast microstructure of the Nb-25Cr-15Si-5Al alloy where the presence
of Nb9Si2Cr3 can be appreciated by the lighter gray phase in contrast to the darker gray
phase Nb5Si3. The darkest phase still corresponds to NbCr2 and no Nbss was detected.
The alloy is mainly composed of Nb9Si2Cr3 silicide and also no eutectic-like
microstructure was observed. Fig. 4.1d corresponds to the Nb-25Cr-15Si-5Al-5B alloy
and is composed of both Nb5Si3 and Nb9Si2Cr3 silicides, NbCr2 and Nbss. In this alloy it
can be noted that the amount of NbCr2 has increased and is mainly composed of
Nb5Si3. Nbss is present in small particles.
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Fig.	
  4.1.	
  Backscatter	
  electron	
  images	
  in	
  as-‐cast	
  condition.	
  a)	
  Nb-‐20Cr-‐20Si-‐5Al,	
  b)	
  zoom-‐in	
  at	
  the	
  
eutectic-‐like	
  region	
  where	
  Nbss	
  is	
  present	
  in	
  the	
  Nb-‐20Cr-‐20Si-‐5Al	
  alloy,	
  c)	
  Nb-‐25Cr-‐15Si-‐5Al	
  and	
  d)	
  
Nb-‐25Cr-‐15Si-‐5Al-‐5B.	
  
	
  

4.1.2 XRD
X-ray diffraction was performed on the alloys in the as-cast condition to verify the
phases that were detected by SEM. Fig. 4.2 shows the patterns of the alloys. All the
peaks for the 20-20 alloy were labeled and correspond to the phases determined by
EDS analysis. The patterns of the 25-15 and 5B alloy are similar. Peaks at 2θ = 30, 32,
44 and 46 could not be identified. The diffraction data from the software runs with the
latest data available every time the software is opened, but there is no diffraction data
18	
  
	
  

for the Nb9Si2Cr3 available yet. Those peaks are very likely to correspond to the silicide.
Most niobium peaks overlap with other high intensity peaks but it would be difficult for
the XRD to detect small particles such as those seen in Fig. 4.1d.

	
  
Fig.	
  4.2.	
  X-‐ray	
  Diffraction	
  patterns	
  of	
  the	
  alloys	
  in	
  as-‐cast	
  condition.	
  
	
  

4.1.3 Phase Diagram
A ternary section for the Nb-Cr-Si-Al system was constructed at a temperature of
25oC and 1 atm, Fig. 4.3. The composition of the 20-20 alloy is represented by the blue
square and the Pandat software calculated that NbCr2 and Nb9Si2Cr3 might be present.
In section 4.1.1 it was discussed that the 20-20 alloy was composed of NbCr2, Nb5Si3
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and Nbss but no Nb9Si2Cr3 was detected on the SEM or XRD analysis. The composition
for the 25-15 and 5B alloys are represented by the red triangle. This is due to the fact
that the software has not yet been supplied with boron calculations. For these two alloys
it shows that NbCr2, Nb9Si2Cr3 and Nb3Al might be present in the as-cast condition. In
contrast to the SEM analysis, both, NbCr2 and Nb9Si2Cr3 were detected but not Nb3Al.
Also, Nb5Si3 in the 25-15 alloy and Nb5Si3 and Nbss in the 5B, were detected on the
SEM.

	
  
Fig.	
  4.3.	
  Ternary	
  phase	
  diagram	
  of	
  the	
  Nb-‐Cr-‐Si-‐Al	
  system	
  showing	
  the	
  calculated	
  phases	
  of	
  the	
  
alloys.	
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4.2 Short-Term Oxidation
In the short-term oxidation tests, the samples were oxidized for 24 hours. Fig. 4.4
represents a graph constructed by the thermogravimetric measurement tests. In the
graph the y-axis represents the weight gain per unit area (g/cm2) and the x-axis
corresponds to temperature in oC. It can be seen that at 700oC the three alloys suffered
from catastrophic oxidation resulting in pesting. As described in section 2.7, the
mechanism for pesting has not been completely established. Both, 25-15 and 5B alloys,
suffered from pesting at 800 and 900oC except for the 5B alloy at 900oC where a bulky
oxide formed. The 20-20 alloy had better oxidation resistance at 800-900oC and a thin
oxide layer formed. At 1000 oC, the 20-20 alloy completely oxidized and the shape of
the oxide was in the form of pyramids with square base protruding from the faces of the
sample. The oxidation mechanisms are not yet fully understood, however, the presence
of the three polymorphs of Nb2O5 (orthorhombic, base-centre monoclinic and
monoclinic) may influence the oxidation response and final morphology. The oxidation
kinetics for the 25-15 alloy at 1000oC were better and further improved by the addition
of boron. From 1100-1400oC, none of the three alloys suffered from catastrophic
oxidation, except for 5B alloy where a bulky oxide formed. At these temperatures the
alloys formed a thick oxide layer but spallation occurred in most cases. The 20-20 alloy
performed the best at lower temperatures (800-900oC), while the 5B alloy had a slightly
better oxidation resistance at higher temperatures (1000-1300oC) except at 1400oC.
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Fig.	
  4.4.	
  Short-‐term	
  oxidation	
  curves	
  of	
  the	
  alloys	
  after	
  24	
  hours	
  of	
  exposure.	
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4.2.1 SEM
Pesting occurred at 700oC, where the three alloys completely transformed into
powder. The microstructure of the 20-20 alloy when heat treated at 800oC for 24 hours
was similar to the microstructure observed in the as-cast condition which is composed
of Nb5Si3, NbCr2 and Nbss as shown in Fig. 4.5a. The difference from the as-cast
microstructure to that of 800oC is that Nb5Si3 is not elongated and sharp edged can be
noticed. At 900oC, the microstructure of the 20-20 alloy now has the presence of
Nb9Si2Cr3 and larger particles of Nbss while the presence of NbCr2 and Nb5Si3 is still
evident, Fig. 4.5b.

	
  
Fig.	
   4.5.	
   Microstructure	
   of	
   20-‐20	
   alloy	
   after	
   short-‐term	
   oxidation	
   tests.	
   a)	
   800oC.	
  
Microstructure	
   at	
   this	
   temperature	
   similar	
   to	
   the	
   as-‐cast	
   microstructure.	
   b)	
   900oC.	
   No	
  
eutectic-‐like	
  microstructure	
  was	
  seen	
  but	
  Nb9Si2Cr3	
  is	
  the	
  additional	
  phase	
  detected.	
  
	
  

Fig. 4.6 shows the short-term oxidation microstructures of the 25-15 and 5B alloys,
Fig. 4.6a and Fig. 4.6b respectively, at 1000oC. Both alloys had the same phases
present and the microstructures look almost the same. Some particular features were
observed in the 5B alloy, Fig. 4.6c, where Al2O3 particles were detected most frequently
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around NbCr2 interfaces. These Al2O3 particles demonstrate that internal oxidation
occurred on the 5B alloy. At this temperature the 20-20 alloy completely oxidized into a
bulky oxide and so no metal was left to analyze.

	
  
Fig.	
  4.6.	
  STO	
  microstructures	
  at	
  1000oC.	
  a)	
  25-‐15	
  alloy.	
  b)	
  5B	
  alloy.	
  c)	
  Magnified	
  view	
  of	
  the	
  5B	
  
alloy	
  showing	
  internal	
  oxidation.	
  
	
  

At 1100oC the 20-20 alloy had better oxidation resistance than at 1000oC and did not
suffer from catastrophic oxidation. The microstructure of this alloy was composed of
Nb5Si3 and Nb9Si2Cr3 and NbCr2, Fig. 4.7a. In this alloy at this temperature, small
features were also detected. Fig. 4.7b shows a magnified view of the 20-20 alloy where
there are Al2O3 particles between Nb9Si2Cr3 and NbCr2 indicating internal oxidation. The
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25-15 alloy had the same phases present as the 20-20 alloy but it also had Nbss and
also very small Al2O3 particles were observed, Fig. 4.7c. The 5B alloy did not present
Nb9Si2Cr3 but the other phases present in the 25-15 alloy were detected. The Al2O3
particles are bigger and higher magnification is not needed to appreciate these
particles. The particles mostly occur around NbCr2.

	
  
Fig.	
   4.7.	
   STO	
   microstructures	
   at	
   1100oC.	
   a)	
   20-‐20	
   alloy.	
   b)	
   Magnified	
   image	
   of	
   20-‐20	
   alloy	
  
showing	
   Al2O3	
   particles	
   between	
   NbCr2	
   and	
   Nb9Si2Cr3	
   interface.	
   c)	
   25-‐15	
   alloy	
   showing	
   the	
  
presence	
   of	
   all	
   four	
   phases	
   and	
   Al2O3.	
   d)	
   5B	
   alloy	
   does	
   not	
   show	
   the	
   presence	
   of	
   Nb9Si2Cr3	
   but	
  
internal	
  oxidation	
  is	
  more	
  heavily.	
  
	
  

At 1200oC the 20-20 alloy now presents Nbss in the Nb9Si2Cr3 and Nb5Si3 and
NbCr2 were still present, Fig. 4.8a. The 25-15 alloy had a phase transformation at this
temperature and Nb9Si2Cr3 was not present and instead there was an eutectic-like
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microstructure which contains high number of Nbss particles as shown in Fig. 4.8b. More
alumina (Al2O3) particles were present compared to the microstructure at 1100oC. The
microstructure of the 5B alloy at 1200oC was very similar to its microstructure at 1100oC
showing phase stability. Signs of internal oxidation were still evident and the nucleation
of Al2O3 particles still mainly occurring around NbCr2 interfaces.

	
  
Fig.	
  4.8.	
  STO	
  microstructures	
  at	
  1200oC.	
  a)	
  BSE	
  image	
  of	
  20-‐20	
  alloy	
  showing	
  all	
  four	
  phases	
  
present.	
  b)	
  25-‐15	
  alloy.	
  c)	
  5B	
  alloy.	
  
	
  

The 20-20 alloy had a phase transformation at 1300oC where the Nb9Si2Cr3 does not
appear in the microstructure and the only phases present are Nb5Si3, NbCr2 and Nbss.
At this temperature big alumina particles appear on the microstructure, Fig. 4.9a. For
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the 25-15 and 5B alloys were thermally stable and no phase transformations were
detected, Fig. 4.9b and Fig. 4.9c, and the phases remain the same as those seen at
1200oC. One difference between these two alloys is that the 5B alloy contains more and
more uniformly dispersed NbCr2. At 1400oC, the 20-20 alloy had an identical
microstructure to the one observed at 1300oC, Fig. 4.10a. The microstructure of the 2515 alloy is shown in Fig. 4.10b and same phases were observed from 1200-1400oC.

	
  
Fig.	
   4.9.	
   STO	
   microstructures	
   at	
   1300oC.	
   a)	
   20-‐20	
   alloy	
   was	
   not	
   thermally	
   stable	
   and	
   phase	
  
transformation	
   occurred	
   at	
   this	
   temperature	
   where	
   there	
   is	
   no	
   Nb9Si2Cr3.	
   b)	
   25-‐15	
   alloy	
  
showing	
  all	
  four	
  phases	
  and	
  Al2O3	
  particles.	
  c)	
  5B	
  alloy	
  shows	
  higher	
  NbCr2	
  content	
  and	
  more	
  
uniformly	
  distributed.	
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Fig.	
  4.10.	
  STO	
  microstructures	
  at	
  1400oC.	
  a)	
  20-‐20	
  alloy	
  showing	
  NbCr2,	
  Nb5Si3,	
  Nbss	
  and	
  Al2O3.	
  
b)	
  25-‐15	
  alloy	
  shows	
  same	
  phases	
  as	
  20-‐20	
  alloy	
  but	
  different	
  morphology.	
  

X-ray mapping was performed as well in order to determine the elemental
distribution. This technique is preformed with the SEM using EDS. By using quantitative
data and X-ray mapping, the phase identification becomes even more accurate. Fig.
4.11 shows a X-ray mapping from the 20-20 alloy from a STO test at 1200oC. The
chromium distribution map, which is the green map, reveals the most. The high intensity
green areas correspond to the NbCr2 phase. The lighter green areas reveal the location
of Nb9Si2Cr3 and the dark areas represent Nb5Si3 and Nbss. The silicon mapping reveals
only the areas where Nb5Si3 is located by the high intensity yellow areas. The niobium
map shows only the location of NbCr2 where the darker blue areas are which is
consistent with EDS readings since it is the phase that will have less Nb content
compared to the other phases. The Al map if looked carefully will reveal that there is
more Al in Nb9Si2Cr3 than Nb5Si3 and NbCr2. The Al2O3 particles were confirmed also by
EDS quantitative analysis and X-ray mapping. Fig. 4.12 shows that the dark particles,
from an STO sample from the 20-20 alloy at 1400oC, are mainly composed of aluminum
and oxygen and the EDS quantitative analysis gives a ratio of Al:O = 2:3.
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Fig.	
  4.11.	
  X-‐ray	
  mapping	
  from	
  a	
  STO	
  sample	
  from	
  20-‐20	
  alloy	
  at	
  1200oC.	
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Fig.	
  4.12.	
  X-‐ray	
  mapping	
  from	
  a	
  STO	
  sample	
  from	
  20-‐20	
  alloy	
  at	
  1400oC	
  showing	
  the	
  darkest	
  
particles	
   are	
   composed	
   of	
   aluminum	
   and	
   oxygen	
   primarily	
   and	
   confirming	
   the	
   presence	
   of	
  
Al2O3.	
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One of the deciding factors that will determine the oxidation behavior of an alloy is
the formation, integrity and stability of the oxide layer. Fig. 4.13 shows some of the
microstructures that were observed at the metal-oxide interface. Fig. 4.13a shows
spallation of the oxide layer as well as cracking in the oxide. Unoxidized and partially
oxidized NbCr2 and Nb5Si3 particles were detected in the oxide layer, which if treated for
longer periods of time they might generate internal stresses as they continue to oxidize
by the volume expansion or Pilling-Bedworth ratio. Fig. 4.13b shows the metal-oxide
interface from an STO sample from the 25-15 alloy treated at 1000oC. The
microstructure observed had similar features observed in Fig. 4.14a, where there is
spallation of the oxide, unoxidized NbCr2, porosity and cracking in the oxide layer.
Spallation occurs mainly because of the difference in coefficient of thermal expansion
(CTE) when the alloy shrinks upon cooling creating a tensile stress at the oxide-metal
interface. Fig. 4.13c and Fig. 4.13d show the metal-oxide interface of the 5B alloy at
1100oC and 1300oC respectively. It can be seen that no spallation occurred and so the
oxide layer maintains a better adhesion to the metal. The microstructure of the oxide is
also more uniform although there is still porosity. The main oxide detected by EDS
analysis was Nb2O5 in all cases. Although porosity was still present in the oxide layer of
the 5B alloy, the better adhesion of the oxide improved the oxidation resistance
compared to the other alloys at higher temperatures as discussed in section 4.2.
Fig. 4.14 shows a magnified view of the two main oxide morphologies observed in all
three alloys. Fig. 4.14a shows the oxide morphology of a STO sample of the 25-15 alloy
at 1000oC where there are partially oxidized NbCr2 particles. Around NbCr2 particles
there is porosity, which might be due to disintegration of oxide in to particles due to the
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internal stresses that are being created as the NbCr2 oxidizes in an oxide matrix, and
also cracking appears in the vicinity of these unoxidized particles. Also two oxides were
detected by their contrast and identified by the help of EDS. The darker gray oxide on
BSE corresponds to Nb2O5 with significant content of Si which most likely would
represent a mixture of Nb2O5 and SiO2. This combination of oxides is a product of the
oxidation of Nb5Si3 as described in section 2.3.1. The lighter gray oxide corresponds to
just Nb2O5. Fig. 4.14b shows the morphology of a 5B alloy at 1300oC. The more uniform
and compact microstructure shows only the presence of Nb2O5 but finer porosity is
present also.

X-ray mapping was also performed on the oxide layer to see the

elemental distribution. Fig. 4.15 shows a X-ray mapping of the area enclosed by the red
rectangle. Niobium, aluminum and oxygen are distributed uniformly through out the
oxide. The silicon elemental map shows particular areas where there is more silicon by
the bright yellow areas. These areas correspond to the darker gray oxide where there is
a combination of Nb2O5 and SiO2 as shown in Fig. 14a. The chromium x-ray map shows
some areas of higher intensity where there is unoxidized NbCr2. Table 4.1 shows a list
of the features that were observed at the metal oxide layer. It can be seen that most
oxide layers were similar except for the 5B alloy at 1100 and 1300oC. The better
oxidation resistance of the 5B alloy at 1000oC is attributed to a different mechanism
which will be discussed in the next section but the addition of 5 boron the the 25-15
alloy did improved it oxidation resistance, Fig. 4.4.
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Fig.	
   4.13.	
   BSE	
   images	
   of	
   metal-‐oxide	
   interface.	
   a)	
   20-‐20	
   alloy	
   from	
   STO	
   sample	
   at	
   1400oC	
  
showing	
   spallation	
   and	
   cracking	
   on	
   the	
   oxide	
   layer	
   as	
   well	
   as	
   partially	
   oxidized	
   NbCr2	
   and	
  
Nb5Si3	
  particles.	
  b)	
  Cross	
  sectional	
  view	
  of	
  25-‐15	
  alloy	
  from	
  STO	
  specimen	
  treated	
  at	
  1000oC.	
  
Spallation	
  observed	
  as	
  well	
  as	
  unoxidized	
  NbCr2	
  particles.	
  c)	
  5B	
  alloy	
  does	
  not	
  show	
  spallation	
  
and	
  more	
  uniform	
  oxide	
  layer	
  from	
  STO	
  sample	
  at	
  1100oC.	
  d)	
  BSE	
  image	
  of	
  5B	
  alloy	
  at	
  1300oC	
  
showing	
  good	
  adhesion	
  of	
  the	
  oxide	
  layer	
  but	
  still	
  some	
  porosity	
  remains.	
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Fig.	
  3.14.	
  Close-‐up	
  BSE	
  images	
  at	
  the	
  oxide	
  morphology	
  of	
  a)	
  20-‐20	
  alloy	
  at	
  1000oC	
  and	
  b)	
  5B	
  
alloy	
  at	
  1300oC.	
  
	
  

	
  
Fig.	
   4.15.	
   X-‐ray	
   mapping	
   perfomed	
   at	
   the	
   oxide	
   layer	
   from	
   a	
   25-‐15	
   STO	
   sample	
   treated	
   at	
  
1000oC.	
   Mapping	
   was	
   perfomed	
   only	
   on	
   the	
   area	
   enclosed	
   by	
   the	
   red	
   rectangle.	
   This	
   oxide	
  
layer	
  was	
  ~	
  500μ m	
  in	
  thickness.	
  
	
  

34	
  
	
  

Table4.1.	
  Features	
  observed	
  at	
  the	
  metal-‐oxide	
  layer	
  in	
  the	
  alloys	
  at	
  different	
  temperatures.	
  

	
  
	
  

4.2.2 XRD
X-ray diffraction was performed on the oxide products from the STO samples.
Table 4.2 shows the oxides that were detected. CrNbO4 was present in all alloys at all
temperatures. The orthorhombic α-Nb2O5 was present up to 1000oC for the 20-20 and
25-15 alloys and up to 900oC for the 5B alloy. The monoclinic γ- Nb2O5 was present
from 1000 to 1400oC in all alloys. AlNb49O124 was present only at 1400oC and it is a
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combination of Nb2O5 and Al2O3. Crystalline SiO2 was also present at high temperatures
but glassy SiO2 is not detectable by XRD. It is important to note that only the 20-20 alloy
presented the three forms of Nb2O5. Increasing the chromium and decreasing the silicon
contents, the 25-15 alloy did not show the presence of β-Nb2O5 and did not suffered
from catastrophic oxidation. The addition of boron suppressed the formation of α-Nb2O5
andβ-Nb2O5 and the oxidation resistance were improved drastically.

Table	
  4.2.	
  Oxide	
  products	
  from	
  STO	
  specimens	
  detected	
  by	
  X-‐ray	
  diffraction.	
  

	
  
	
  

4.2.3 Phase Diagram
Isothermal sections were constructed from 700oC to 1400oC to compare the
theoretical analysis to the experimental results. Thermal stability was not maintained in
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the alloys as seen in section 4.2.1. Fig. 4.16 shows two isothermal sections at 700 and
1200oC, recalling that the sections were made by holding 5 atomic percent aluminum
constant. The blue square represents the 20-20 alloy and the red triangle represent the
25-15 and 5B alloy since boron was not an element available in the software yet. At
700oC it can be seen that the three alloys lay on the same region where they are
expected to have NbCr2, Nb5Si3 Nb3Al and Nb9Si2Cr3. The software then predicted a
phase transformation at 1200oC, where now the 20-20 alloy will be on a region where
NbCr2, Nb5Si3 and Nbss are possible phases to be present. For the 25-15 and 5B alloys
Nb3Al is replaced by Nbss while the other phases remain. Tables 4.3 and 4.4 show the
comparison of the theoretical phases calculated by Pandat to the phases actually
observed on the tests. Only temperatures where the alloys did not oxidized completely
were used on the tables. The only temperatures in which Pandat was able to
successfully predict the phases were at 1300 and 1400oC in the 20-20 alloy. Nb3Al was
not detected on the microstructures.
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Fig.	
  4.16.	
  Isothermal	
  sections	
  at	
  700oC	
  and	
  1200oC.	
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Table	
  4.3.	
  Comparison	
  of	
  calculated	
  phases	
  by	
  Pandat	
  to	
  actual	
  phases	
  seen	
  in	
  20-‐20	
  alloy.	
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Table	
  4.4.	
  Comparison	
  of	
  calculated	
  phases	
  by	
  Pandat	
  to	
  experimental	
  in	
  25-‐15	
  and	
  5B	
  alloys.	
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CONCLUSIONS
Three niobium-based alloys were studied in order to see the effect of chromium
and silicon variations and the effect of boron addition. The 20-20 alloy performed better
at lower temperatures (800-900oC), while the 25-15 and 5B alloys completely oxidized.
Pesting occurred in all three alloys at 700oC and where the XRD results show that there
were unoxidized NbCr2 particles. At 1000oC the 20-20 alloy suffered from catastrophic
oxidation, which is attributed to presence of the three forms of Nb2O5, at this
temperature the oxidation resistance was improved by modifying the chromium and
silicon contents and adding boron to the system. From 1100 to 1300oC, the 5B alloy
performed slightly better but no significant improvements were made. A significant
benefit obtained from the addition of boron was the formation of a oxide layer that did
not suffered from spallation and a more uniform structure was seen. Even though the
porosity seen on these oxide layer was finer, its presence permitted high diffusion paths
for oxygen. Another beneficial effect of boron was that it suppressed the formation of αNb2O5 and β-Nb2O5.
The addition of aluminum is intended to form a protective Al2O3 layer. These
alloys presented internal oxidation manifesting itself by the presence of Al2O3 particles
at the interfaces. These are promising results since aluminum has a high affinity for
oxygen. It is possible that by increasing the aluminum content there would be sufficient
to create a continuous protective Al2O3 layer, but special attention is required to the
melting temperatures since this element will reduce the melting temperature. There
needs to be more research done on Nb-Cr-Si system particularly where Nb9Si3Cr3
phase is present since no oxidation tests have been performed on this silicide and
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eventually look at the mechanical properties to see if it is adequate for its use at ultrahigh temperatures. These alloy compositions have the potential to improve the oxidation
resistance. Aluminum and small boron variations need to be done and depending on the
results molybdenum can be added in order to have a molybdenum silicide that has
demonstrated to have better oxidation resistance when boron is added compared to the
niobium silicides.[50-52]
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